Immune checkpoint blockade is less efficient in patients bearing immunologically 'cold' tumors. Oncolytic viruses, which were originally discovered for their ability to preferentially kill malignant cells, can recondition the tumor microenvironment. Supporting this hypothesis, two new studies published in Science Translational Medicine show that adjuvant-like activities of oncolytic viruses make brain and breast tumors 'hot' and sensitize them for subsequent immune checkpoint blockade.
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Cancer immunotherapies focus on (re)-educating the immune system of patients against their malignancies. Once appropriately activated, antitumor immune responses culminate in the elimination of cancer cells present in the initial tumor and in distant metastases. Such functionally active antitumor immune responses may eradicate macroscopic lesions and also establish active protection against relapse from micrometastases, thus holding the key to long-term disease-free survival. 1 Comprehensive preclinical and clinical analyses thus far have conclusively established that cancer-bearing hosts with appropriately programmed antitumor immune responses, mediated by the cells of the innate (NK cells, NKT cells, dendritic cells and macrophages) and adaptive (T and B cells) systems, demonstrate favorable outcome from cancers. 2 Unfortunately, it is difficult to achieve the induction of fully functional antitumor immunity, since cancers often harbor an immunosuppressive microenvironment. Indeed, beyond passive evasion from immune recognition ('immunoediting'), active immunosuppression constitutes a common strategy of malignant cells to avoid immunosurveillance and to form progressive cancers. 3 As a result, many of the currently pursued immunotherapies aim at correcting immunological defects within the tumor-associated microenvironment (TME) with the objective to remove the brakes on antitumor immunity. Immune suppression within the TME is mediated by multifactorial, often interdependent, mechanisms, and thus requires multipronged immunotherapeutic approaches for its correction. Thus, the future of cancer therapies, including immunotherapies, lies in 'strategic' combinations of two or more complementary anticancer interventions. 4, 5 Of course, combination regimens require careful optimization of the timing of administration of each therapeutic agent so that such compounds accentuate the antitumor benefits of each other. This tenet of combination therapy was recently proven by two simultaneously published articles in Science Translational Medicine, by Samson et al. 6 and BourgeoisDaigneault et al. 7 These studies demonstrate that oncolytic viruses (OVs), 8 mainly known for their cancer-killing abilities, can be used as an initial priming agent to overcome TME-associated immunosuppression and generate a milieu conducive to favor the efficacy of subsequent checkpoint inhibitor immunotherapies in brain and breast cancers. These findings emphasize the importance of time-dependent repercussions of the combinatorial partners in promoting the therapeutic utility of combination immunotherapies. Most importantly, they support the emerging hypothesis that adjuvant-like properties of OVs, imbedded within the antiviral immunological events driven by its therapeutic administration, can be exploited to enhance the efficacy of cancer immunotherapies. 9, 10 Checkpoint molecules, which are expressed on cancer cells, antigen-presenting cells (APC, e.g., PD-L1, PD-L2, VISTA) or on lymphocytes (e.g., PD-1, CTLA-4), represent one of the major mechanisms through which cancers enforce immunosuppression (Fig. 1) . When PD-1-expressing T and NK cells interact with PD-L1 expressed on cancer cells or APC, they become functionally impaired. Similarly, CTLA-4-expressing CD8 C T cells often display immunological tolerance towards tumors, and CTLA-4 C T regulatory (Tregs) contribute towards the TME-associated immunosuppression by inhibiting the functions of other immune cells. Such checkpoint moleculemediated suppression of functionally active antitumor immunity facilitates the persistence of cancers. Additionally, checkpoint molecules directly promote the process of tumorigenesis. Thus, therapies that target checkpoint molecules promise to promote antitumor immunity and impair tumorigenesis. In the context of cancers, PD-1/PD-L1 and CTLA-4 checkpoints remain the most studied, and thus are right now the major therapeutic targets in the immuno-oncological pipeline.
Therapeutic antibodies against CTLA-4, PD-1 or PD-L1 target the immunosuppressive interaction among checkpoint molecules on malignant and immune cells. Therapeutic checkpoint blockade hence promotes the clinically desired antitumor functionalities within immune cells. Overwhelming evidence thus far has documented the ability of checkpoint inhibitors, alone or in combination with complimentary immunotherapeutic interventions, to re-instate beneficial antitumor immunity and to improve the prognosis of patients bearing cancers of diverse origins and types. Not surprisingly, checkpoint blockade therapies represent one of the most promising cancer management modalities of the 21 st century, and have reinvigorated our fight against cancers in clinics. That said, only 20% of cancer patients respond to immune checkpoint blockers targeting the PD-1/PD-L1 interaction. The efficacy of checkpoint blockade therapy is at least in part dictated by the immune landscapes within the TME.
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Tumors with higher density of infiltrating immune cells, termed as 'hot' tumors, are more responsive to checkpoint blockade therapies than 'cold' tumors with a scarce or null local immune infiltrate. Similarly, tumors that express PD-L1 on their surface, are more susceptible to anti-PD-1/PD-L1 antibody-based therapies. Thus, therapeutic modalities that can make tumors 'hot' or induce intratumoral PD-L1 expression are considered to be the ideal combinatorial partners for checkpoint blockade therapies.
One novel anticancer therapy consists in the administration of OVs, the first of which, Talimogene laherparepvec (commonly called 'T-VEC'), was recently approved by the Food and Drug Administration (FDA) for the treatment of melanoma. 12 OVs, primarily known for their cancer killing abilities (through a mechanism known as oncolysis), are now being acknowledged for their capacity to re-educate the host's immune system to induce clinically relevant antitumor immunities. Recent work from our groups, as well as from other laboratories, reveals that the antiviral innate responses induced following the administration of OVs to cancer-bearing hosts overturn multiple TMEassociated immune evasion mechanisms and promote strong, multiclonal and protective antitumor immunity. Recently, we proposed that the antiviral immunological events induced following the administration of OVs turn tumor 'hot', 9 and establish a TME that is conducive for enhancing the efficacy of checkpoint inhibitors. 10 In congruence, the articles by Samson et al. and Bourgeois-Daigneault et al. provide the experimental proof that OVs may function as 'neoadjuvants' to prime the TME for checkpoint blockade.
For the treatment of brain tumors, OVs have been traditionally administered through intracranial routes, as it was believed that the delivery of OVs via any other route would not result in their proper delivery. However, as shown by Samson et al., oncolytic reovirus could successfully reach brain tissues in patients following intravenous administration. 6 Most importantly, such systemically delivered reovirus promoted intratumoral accumulation of CD8 C T cells in eight out of nine patients, wherein CD3
C T cells were observed in and around blood vessels within tumors. In addition, higher expression of PD-L1 on high grade gliomas as well as on a brain-metastasized melanoma was observed in reovirus-treated patients, and it is reasonable to believe that PD-L1 was induced as a consequence of OV-induced type-1 interferons. When tested in a preclinical mouse model, mice implanted with GL261 tumors and primed with intravenous GM-CSF/reovirus, demonstrated significantly longer survival following subsequent treatment with anti-PD-L1 antibody, as compared to either treatment alone. 6 Similarly, using patient-derived xenografts as well as preclinical models of triple-negative breast cancer (TNBC), BourgeoisDaigneault et al. showed that the oncolytic rhabdovirus Maraba could be used to sensitize this otherwise refractory cancer to treatment with anti-PD-L1 and anti-CTLA-4 antibodies. 7 Once again, these authors focused on addressing the issue of therapeutic timings around OV and checkpoint inhibitor administration. They found that administration of Maraba virus before breast cancer surgery created a 'window of opportunity' for the administration of checkpoint inhibitors immediately post-surgery. Using three different murine breast cancer models on two different genetic backgrounds (4T1 and EMT6 in BALB/c mice and E0771 in the C57 BL/6 strain), they showed that Maraba virus kills local TNBC cells, minimizes metastatic burden in lungs, promotes inflammation within TME, and induces tumor-specific antitumor immunity. Most importantly, Maraba also promoted the intratumoral infiltration of immune cells making the TNBC 'hot' and induced expression of PD-L1 on TNBC cells, eventually leading to the enhanced efficacy of anti-PD-L1 and anti-CTLA-4 antibody-based cancer immunotherapies when administered post-surgery. In line with our recently proposed hypothesis around the antitumor benefits of antiviral immunity elicited by OVs, this report suggests that OVs may be used to condition the TME and to sensitize it to the subsequent administration of immune checkpoint blockers.
The aforementioned preclinical studies echo the recent findings by Ribas et al., 13 who reported a 33% complete response rate amongst 21 patients with advanced melanoma, treated with T-VEC followed by anti-PD-1 antibody, in a phase 1b clinical trial. Together, these studies are forming a growing body of evidence that advocates for the use of OVs as adjuvants and priming agents. Of note, other mechanistically similar strategies using adjuvantlike immunostimulators (such as STING pathway agonists) have been reported to sensitize tumors to subsequent immune checkpoint blockade, further strengthening the argument for such a combinatorial approach. 14, 15 Similarly, it has been shown that immunogenic cell death (ICD) inducers such as oxaliplatin and cyclophosphamide sensitize KRAS-induced lung cancers to subsequent immune checkpoint blockade. 16 It is not unreasonable to postulate that viruses, in particular T-VEC, can induce ICD because T-VEC has been genetically modified to remove genes that suppress the immune response and accentuate the premortem stress responses, including the type-1 interferon response, that characterize ICD. [17] [18] [19] [20] [21] [22] These emerging studies emphasize the need to rationally design for combination immunotherapies with respect to timing and dosing. Thus, preclinical experiments should compare various time-dependent dosing regimens of OVs and checkpoint inhibitors in a systematic fashion to streamline subsequent optimization of the combination regimen in clinical trials.
From the patient perspective, future preclinical and clinical exploration of OVs should consider the adverse effects of checkpoint inhibitors. 23 By design, checkpoint inhibitors remove the inhibitory brakes that control effector immune cells. Unfortunately, this functional modulation applies to all immune cells, including those that are autoreactive. Thus far, almost all checkpoint inhibitors have found to prompt some degree of autoimmune side effects. These considerations are even more important in the context of OVs and checkpoint inhibitor combinations, as OVs themselves are criticized for their potential to evoke autoimmune responses. 24 Thus, any potential OV-induced selfreactivities, 25 promoted during the priming phase of this combination therapy, could be exacerbated by the subsequent administration of checkpoint inhibitors, further augmenting the risk of adverse events.
In summary, the combination of OVs with immune checkpoint inhibitors may result in therapeutic synergy. We hypothesize that a deeper understanding of the immunobiology of this combination will set the ground for further optimization of this therapeutic combination. As compared to other agents that are currently combined with checkpoint inhibitors, OVs provoke a particular pattern of changes in the TME. As each type of OV itself gets recognized by the host immune system, it first ignites an antiviral immune response to counter OV infection, replication and spread. In this sense, antiviral immunity has been considered to negatively affect OV therapy, as it ultimately purges the organism from OVs before the viruses can mediate complete oncolysis. Nonetheless, in reality this antiviral response facilitates the subsequent recognition of tumor antigens and the initiation or reactivation of tumor-specific T cell response. Importantly, some of the antiviral response elements, such as NK cells and virus-specific T cells, also contribute towards tumor destruction in their attempt to eradicate virally infected cells, knowing that malignant cells are preferentially infected by OVs. Currently however, the exact contribution of OV-induced antiviral and antitumor immunities towards antitumor therapeutic benefits remains unknown. As checkpoint inhibitors can affect the functionalities of these two immunities, the detailed understanding of these two OV-induced immune responses could hold the key to unlock the untapped translational potential of OVCcheckpoint inhibitor combination therapies. Notwithstanding the biotherapeutic complexities to be unraveled in the future, strategically implemented sequential use of OV and checkpoint inhibitors are set to provide urgently needed novel therapeutic options for cancer patients. 
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